In fetal sheep during late gestation sulfoconjugated estrogens in plasma reach a concentration 40 -100 times greater than unconjugated estrogens. The objective of the present study was to determine the genomics of estradiol-3-sulfate (E2S) action in the ovine fetal brain. The hypothesis was that E2S stimulates genes involved in the neuroendocrine pathways that direct or facilitate fetal development at the end of gestation. Four sets of chronically catheterized ovine twin fetuses were studied (gestational age: 120 -127 days gestation) with one infused with E 2S intracerebroventricularly (1 mg/day) and the other remaining untreated (control). After euthanasia, mRNA samples were extracted from fetal brains. Only hypothalamic samples were employed for this study given the important function of this brain region in the control of the hypothalamus-pituitary-adrenal axis. Microarray analysis was performed following the Agilent protocol for one-color 8 ϫ 15 microarrays, designed for Ovis aries. A total of 363 known genes were significantly upregulated by the E 2S treatment (P Ͻ 0.05). Network and enrichment analyses were performed using the Cytoscape/Bingo software, and the results validated by quantitative realtime PCR. The main overrepresented biological processes resulting from this analysis were feeding behavior, hypoxia response, and transforming growth factor signaling. Notably, the genes involved in the feeding behavior (neuropeptide Y and agouti-related protein) were the most strongly induced by the E2S treatment. In conclusion, E2S may be an important component of the mechanism for activating orexigenic, hypoxia responsiveness and neuroprotective pathways in the lamb as it approaches postnatal life. heart rate; estradiol; hypoxia; estrogen receptor; neuropeptides; neurosteroid IN FETAL SHEEP and pregnant ewes, sulfoconjugated estrogens are far more abundant than unconjugated estrogens (9, 41, 46) . High concentrations of estrone sulfate in uterine vein plasma (compared to peripheral vein plasma) of pregnant sheep suggested a high secretion rate for this steroid by placenta in late gestation (15). Plasma concentrations of estradiol-3-sulfate (E 2 S) are ϳ40 -100 times those of estradiol (E 2 ) in the lategestation fetal sheep. E 2 S is taken up by the fetal brain and stimulates responses that are both similar to and distinct from the responses to E 2 (43, 46). Sulfoconjugation increases the half-life in the blood (33) and supplies a ready source of E 2 in tissues (e.g., hypothalamus) that express steroid sulfatase (STS) (31, 43). E 2 S can bind estrogen receptor only after deconjugation by STS. We have proposed that, while the function of the sulfoconjugated estrogens in fetal and maternal sheep is unknown, deconjugation can increase estrogen action in specific tissues that express STS and estrogen receptor (43, 44, 46) . The fetal brain expresses both STS and estrogen sulfotransferase (STF), allowing for the bidirectional interconversion of E 2 and E 2 S (31, 32), although the ratio of expression for these enzymes favors deconjugation (43). The fetal brain also expresses transporters that have the capacity to transport the sulfoconjugated steroid across the blood-brain barrier (13).
IN FETAL SHEEP and pregnant ewes, sulfoconjugated estrogens are far more abundant than unconjugated estrogens (9, 41, 46) . High concentrations of estrone sulfate in uterine vein plasma (compared to peripheral vein plasma) of pregnant sheep suggested a high secretion rate for this steroid by placenta in late gestation (15) . Plasma concentrations of estradiol-3-sulfate (E 2 S) are ϳ40 -100 times those of estradiol (E 2 ) in the lategestation fetal sheep. E 2 S is taken up by the fetal brain and stimulates responses that are both similar to and distinct from the responses to E 2 (43, 46) . Sulfoconjugation increases the half-life in the blood (33) and supplies a ready source of E 2 in tissues (e.g., hypothalamus) that express steroid sulfatase (STS) (31, 43) . E 2 S can bind estrogen receptor only after deconjugation by STS. We have proposed that, while the function of the sulfoconjugated estrogens in fetal and maternal sheep is unknown, deconjugation can increase estrogen action in specific tissues that express STS and estrogen receptor (43, 44, 46) . The fetal brain expresses both STS and estrogen sulfotransferase (STF), allowing for the bidirectional interconversion of E 2 and E 2 S (31, 32), although the ratio of expression for these enzymes favors deconjugation (43) . The fetal brain also expresses transporters that have the capacity to transport the sulfoconjugated steroid across the blood-brain barrier (13) .
We have recently observed that E 2 S has some actions that are similar to E 2 and some actions that are distinct from E 2 on the hypothalamus-pituitary-adrenal (HPA) (43, 45) . Chronic infusions of E 2 to fetal sheep produce sustained increases in both ACTH and cortisol, causing a potent stimulation of the fetal HPA axis (47) . In contrast, long-term infusion (2-3 wk) of E 2 S inhibits the periparturient rise in ACTH and reduces HPA activity, even when plasma cortisol levels are not affected (45) . Given the multifactorial response to E 2 S, it is probable that the response includes activation of genes that are not directly responsive to the estrogen receptor.
The present study was designed to reveal the genomics of E 2 S action in the fetal brain. Using a newly available ovine array, we tested the hypothesis that E 2 S both stimulates and inhibits genes involved in the neuroendocrine pathways that direct or facilitate fetal development at the end of gestation. We also hypothesized that E 2 S would significantly alter the activity of genes involved in late-gestation fetal development.
MATERIALS AND METHODS

Animal Procedures
A total of four sets of chronically catheterized ovine twin fetuses were studied with one infused with E2S intracerebroventricularly (1 mg/day) for 7-12 days, using an osmotic mini-pump implanted in the fetus, and the other served as an untreated control. The gestational age at the time of surgery was 120 -127 days of gestation, a developmental window of time that is prior to the preparturient rise in ACTH. Twin fetuses were randomly assigned to the two groups at the time of surgery. All animals were housed in individual pens located in the Animal Resources Department at the University of Florida, and all of these experiments were approved by the University of Florida Institutional Animal Care and Use Committee. The rooms maintained controlled lighting and temperature, and sheep were given food and water ad libitum.
Food was withheld from the pregnant ewes for 24 h before surgery. Ewes were intubated and anesthetized with halothane (0.5-2%) in oxygen before and during surgical preparation as previously described (46) . Surgery and catheter placement for all fetuses were performed using aseptic technique as previously described, with lateral cerebral ventricle, femoral arterial, and venous catheters as well as amniotic fluid catheters (35, 46) . For placement of the catheter into the lateral cerebral ventricle, the scalp was retracted and a small catheter (outside diameter, 0.05 in.; inside diameter, 0.03 in.) attached to an osmotic mini-pump (size 2mL2; Alza, Palo Alto, CA; infusion rate 5 l/h) was inserted through a hole made in the skull. This catheter was held in place using VetBond (3M, St. Paul, MN). The exposed catheter and osmotic mini-pump were placed subcutaneously before the incision on the head was closed. All minipumps in the treated fetuses were filled with E 2SO4 (Sigma Aldrich, St. Louis, MO) in vehicle (water), and minipumps in the control fetuses were filled with vehicle only. The position of the catheters and the function of the pumps were verified by visual inspection at the time of death and tissue collection. At the end of the surgery, antibiotics (750 mg ampicillin) were administered into the amniotic cavity via direct injection. Vascular catheters were exteriorized through the flank of the ewe using a trochar, where they were maintained in a removable synthetic cloth pocket. Ewes were treated with 1 mg/kg flunixin meglumine (Webster Veterinary, Sterling, MA) for analgesia and returned to their pens where they were monitored until they could stand on their own. If needed, a second treatment with flunixin meglumine was administered 24 -48 h after the first treatment with this drug. Twice daily during a 5-day recovery period ewes were treated with antibiotic (ampicillin, 750 mg im, Polyflex; Fort Dodge Laboratories, Fort Dodge, IA), and rectal temperatures were monitored for indication of postoperative infection. None of the animals in this study showed any signs of postoperative infection.
Blood Collection and Plasma Hormone Assays
Blood samples were collected to measure plasma hormone levels for both groups, to prove the efficacy of E 2S treatment and to check for fetal-fetal transfer between treatment and control twin fetuses. Blood samples from treated and control fetuses were collected from the arterial catheter every other morning after the recovery period. Plasma from each sample was obtained by centrifugation at 3,000 g for 15 min at 4°C and stored at Ϫ20°C until analysis. Assays to measure E 2S and E2 levels were performed as previously described (46) . Mean values for E2S and E2 for these experiments have been reported previously (43) .
Sample Collection
Pregnant ewes and twin fetuses of known gestational age (130 -134 days) were euthanized with an overdose of pentobarbital sodium. Brains were rapidly removed, dissected into distinct regions, and snap-frozen in liquid nitrogen. Tissues were collected from hypothalamus, pituitary, hippocampus, medullary brain stem, cerebellum, and cerebral cortex and were stored at Ϫ80°C until processed for mRNA. These tissue samples were originally collected for other experiments (43) .
In the present microarray experiment, the mRNA isolated from hypothalamus was analyzed. This region was selected for being a critical component of the HPA axis, a major feature of the fetal stress response and crucial for initiation of parturition in the sheep (27) .
RNA Extraction and Preparation
RNA was extracted from the hypothalamus using TRIzol (Invitrogen, Carlsbad, CA) following the manufacturer's directions. The RNA was resuspended in RNAsecure and stored at Ϫ80°C in aliquots until use. For microarray analysis 20 g of these RNAs, which had been stored for 7 yr, were DNase treated using the Turbo RNase-free DNase kit (Ambion, Foster City, CA), the concentration determined with a Nanodrop spectrophotometer (ND-1000; ThermoFisher, Wilmington DE), and the integrity of the RNA was measured using an Agilent Bioanalyzer, 2100 model. One RNA sample had an RNA integrity number (RIN) value of 5.1 and was excluded from further analysis; the remaining RNAs had RIN values of 6.9 -8.0. DNasetreated RNA (1 g) was labeled with cyanine 3 (Cy3) CTP with the Agilent Quick Amp kit (5190-0442, New Castle, DE) according to their methodology, purified with the Qiagen RNeasy kit (Valencia, CA) according to Agilent's revision of the Qiagen protocol as shown in the Quick Amp kit protocol except that the microcentrifugation spins were performed at room temperature instead of 4°C. The resulting labeled cRNA was analyzed with the NanoDrop spectrophotometer, and the specific activities and the yields of the cRNAs were calculated; these ranged from 10.41 to 19.73 pmol Cy3/g RNA and from 5.0 to 12.8 g, respectively. The labeled cRNA was stored at Ϫ80°C until use.
Microarray Hybridization
This was performed following protocols from Agilent; in brief, 600 ng of each labeled cRNA was fragmented and then mixed with hybridization buffer using the Agilent gene expression hybridization kit. These were applied to a sheep 8 X 15 K array slide (Agilent 019921), containing eight arrays with 15,744 oligomers with a length of 60 bases corresponding to 15,744 ovine genetic sequences published in the National Center for Biotechnology Information (NCBI) database and hybridized at 65°C for 17 h at 10 rpm. The arrays were washed, dried, stabilized, and scanned with an Agilent G2505B 2 dye scanner at the Interdisciplinary Center for Biotechnology Research at the University of Florida. Features were extracted with Agilent Feature extraction 9.1 software. Features flagged as Feature Nonuniform outliers were excluded from further analysis.
Statistical Analysis
Transcript levels were normalized to the chip median and logtransformed, to obtain more power in discovering differences between groups and compensate for systematic differences between the arrays. To identify the genes that are differentially regulated between the treated and control fetuses, we analyzed the normalized and transformed intensities by one-way ANOVA. To estimate whether microarray observations were able to predict the categorical outcome (treatment or control groups), we performed class prediction using Distance Scoring, a nonparametric discriminant method that bases predictions for an observation on distances between it and observations in a training set. Distances were computed from class centroids, and the statistical test employed was t-test (P Ͻ 0.05). All the statistical procedures were carried out using JMP Genomics 5 software (SAS Institute, Cary, NC).
A gene was considered to be significantly differentially expressed (over-or underexpressed) if both of the following conditions were met: 1) the ratio of the normalized intensity of the treatment fetus sample to normalized intensity in the control fetus sample was higher or lower than a twofold change (up-or downregulation, respectively); and 2) differences were considered statistically significant at P Յ 0.05.
Functional Annotation
We used functional annotation of the genes as a useful tool to categorize the genes in functional classes, leading to a better understanding of the physiological relevance of altered gene expression. The most common method to access this analysis is to place each gene in the gene ontology (GO) hierarchy, developed at the GO Consortium (1). GO information for every gene is not available for the ovine genome. Thus, Blast2Go software (V 4.2.2) (12), a tool for functional annotation of (novel) sequences, was employed. This software uses the Basic Local Alignment Search Tool (BLAST) to find sequences similar to the queries. For each probe, the sequence of 60 nucleotides (as supplied by Agilent) was first compared with the nucleotide sequence database using blastn. The most congruent genes were selected, and their accession numbers were input into the NCBI site (EntrezBatch) to obtain their complete sequences. These sequences were blasted again using blastx, to compare the nucleotide query sequence translated in all reading frames against the known protein sequence database nr.
Clustering Analysis
The network inference and clustering analysis was performed using CytoScape version 2.7.0 (11), through the following plugins: GeneMania, ClusterONE, and BINGO. GeneMania was used to infer network data (42) . The set of functional association data between genes was downloaded from the Homo sapiens database. The list of human official symbols for the genes of interest was input into the GeneMania plugin to retrieve the corresponding association network. The association data employed were protein-protein and protein-DNA interactions. The network was inferred for both upregulated and downregulated genes (treatment vs. control). ClusterONE was used to discover densely connected and possibly overlapping regions within the network (clusters) (2). These highly connected network regions can indicate protein complexes or fractions of them. A P value is calculated for each cluster, based on the one-sided Mann-Whitney U-test performed on the in-weights and out-weights of the vertices. An in-weights value significantly larger than the out-weights value would indicate a valid cluster and not the result of random fluctuations. Thus, a P value is assigned to the cluster. Only the clusters with a P value Ͻ 0.05 were considered in further analyses. BiNGO was run to determine which biological processes are statistically overrepresented in the set of genes corresponding to the identified cluster (25) . The statistical test employed was the hypergeometric test (equivalent to the Fisher test). The threshold P value was 0.05, after correction by the Bonferroni method.
Quantitative real-time PCR Validation
The mRNA samples extracted from the hypothalami of the four sets of twin fetuses (E 2S/control) were converted to cDNA with a High Capacity cDNA Archive kit using the methodology recommended by the kit manufacturer (Applied Biosystems, Foster City, CA). The newly synthesized cDNA was stored at Ϫ20°C until quantitative real-time (qRT)-PCR was performed.
A total of 11 selected genes from the significant clusters identified in the upregulated and downregulated networks were tested by qRT-PCR to validate the microarray results.
The upregulated selected genes were: agouti-related protein (AGRP); neuropeptide y (NPY); hypoxia inducible factor 1, alpha subunit (HIF1A); aryl-hydrocarbon receptor nuclear translocator 2 (ARNT2); coatomer protein complex, subunit alpha (COPA) and subunit beta 1 (COPB1); and transforming growth factor, beta 1 (TGFB1). The downregulated selected genes were: chemokine (C-C motif) ligand 3 (CCL3), interleukin 12B (IL12B), interleukin 18 (IL18), and tumor necrosis factor (TNF).
Relative expression of AGRP, HIF1A, TGFB1, and TNF were determined by qRT-PCR using FAM Taqman probes (HIF1A, TGFB1), VIC Taqman probes (AGRP, TNF), or MGB probe (NPY) and primers (Sigma-Aldrich, St. Louis, MO), and Taqman RT-PCR master mix (Applied Biosystems). Relative expression of ARNT2, COPA, COPB1, CCL3, IL12B, and IL18 was determined using primers (Sigma-Aldrich) and Syber Green PCR Master Mix (Applied Biosystems).
Probes and primers were designed with Primer Express software (Applied Biosystems). Primers for ARNT2, IL12B, and IL18 and primers and probes for NPY, AGRP, HIF1A, TGFB1, and TNF were designed from the corresponding ovine mRNA. Primers for COPA, COPB1, and CCL3 were designed from the bovine mRNA. Sequences and primer concentrations for primers and probes and accession numbers are reported in Table 1 . All primer or probe and primer pairs had efficiencies Ͼ95%.
The abundance of ␤-actin mRNA was determined in each sample, using primers and VIC Taqman probes designed from the ovine ␤-actin sequence and Taqman RT-PCR master mix (Applied Biosystems).
All samples were run in triplicate for each gene and for ␤-actin. Relative mRNA expression of each gene was calculated by determining change in threshold cycle (⌬Ct) between the mean Ct for each gene and the mean Ct for ␤-actin mRNA from the same sample. The effect of E 2S on each gene was compared by one-way ANOVA using the ⌬Ct values. Data are graphed as the mean fold change in mRNA relative to the control group; fold change in each sample was calculated as 2
Ϫ⌬⌬Ct , where ⌬⌬Ct is the difference between ⌬Ct in each sample and the mean ⌬Ct in the control group. For all statistical analyses, the criterion for achieving statistical significance was P Ͻ 0.05. A P value of 0.1 was considered a tendency.
RESULTS
Plasma Hormones
Treatment with E 2 S caused an increase in plasma levels of E 2 S and E 2 , with peaks of 1.36 Ϯ 0.11 ng/ml and 301 Ϯ 67 pg/ml respectively, compared with plasma levels of these hormones in the control fetuses (Fig. 1) .
Microarray Results
According to one-way ANOVA, the expression of a total of 2,442 genes was significantly regulated (P Յ 0.05). Of these genes, expression of 526 had a fold change Ͼ2 (upregulated), and 1,916 had a fold change Ͻ2 (downregulated). The volcano plot generated from this analysis is shown in Fig. 2 . Class prediction analysis showed that the probability for each observation of correctly predicting whether it belongs to the treat- 
ment or the control group was Ͼ91.18%, with a mean of 98.89% and a median of 99.99%.
Functional Annotation
The gene represented by an oligomer on the microarray could be identified for 1,830 oligomers (out of 2,442 with significantly altered expression). After duplicate genes were removed 1,544 genes remained. The final gene lists that were submitted to the GeneMania plugin contained 363 genes in the upregulated category and 1,201 genes for the downregulated.
Clustering Analysis
Upregulated network. The network inferred with the upregulated genes contained 218 nodes and 697 edges. The network as visualized using the BioLayout Express 3D software (38) is reported in Fig. 3 . Nodes with similar color in this network represent the clusters selected by BioLayout Express 3D, that were consistent with the clusters found by ClusterOne plugin in Cytoscape. A total of nine significant clusters with overrepresented biological processes were identified on this network, as shown in Table 2 after redundant biological processes were simplified. Downregulated network. In this case, the network was composed of 756 nodes and 4,668 edges. There were nine significant clusters with overrepresented biological processes identified on this network (Table 3 ; redundant biological processes were simplified).
qRT-PCR
In concordance with the microarray results, expression of AGRP, NPY, ARNT2, COPB1, and TGFB1 mRNAs was significantly induced by the E 2 S treatment (P Ͻ 0.05), while the expression of HIF1A mRNA showed a tendency of induction by the E 2 S treatment (P ϭ 0.1) (Fig. 4) . The expression for NPY and AGRP genes showed the greatest increase (5-to 15-fold) in expression with E 2 S treatment compared with control twins (Fig. 5) .
There was no significant increase for COPA mRNA expression, and there were no statistically significant changes in the mRNA expression for the downregulated genes in the microarray analysis. Fig. 1 . Plasma levels of estradiol (A) and estradiol-3-sulfate (B) during the infusion period in treated and control fetuses. The difference in hormone concentration between both groups was significant for both hormones (P Ͻ 0.001). Fig. 2 . Volcano plot showing the log-odds of differential expression vs. the log fold change in gene expression between estradiol-3-sulfate treatment and control arrays. Same color means same cluster of expression for both groups. Genes located above the significance cutoff (P value ϭ 0.05, indicated by the dashed line) are those with statistically significant difference of expression between the treatment and control groups. 
Overlap With ESR-1-and HIF1A-regulated Genes
To identify genes in the up-and downregulated networks whose expression could be directly controlled by ER␣ (ESR-1), we tested for overlap of these networks with the known ESR-1 sensitive genes (23) . There was no overlap of ESR-1 sensitive genes with genes whose expression were up-or downregulated by E 2 SO 4 (Fig. 6 ). To identify genes whose expression could be controlled by HIF1A, we performed a similar analysis with genes whose expression is known to be regulated by HIF1A (4) . In this case, we found significant overlap with the genes whose expression was upregulated by E 2 SO 4 (Fig. 7) .
DISCUSSION
Circulation of E 2 in the sulfoconjugated form in the ovine fetus represents an important source of biologically active E 2 after deconjugation by STS. The fetal hypothalamus expresses STS, and the ratio of STS to STF (the enzyme that catalyzes the reverse reaction) is high in the fetal hypothalamus (31, 43) . The fetal hypothalamus also expresses both estrogen receptor alpha and beta (ER␣ and ER␤) throughout the latter half of gestation (34) . Because E 2 S cannot bind ER directly and must be converted to E 2 by STS, we have proposed that it functions as a precursor hormone. The increase of STS levels in the latter stages of gestation suggests an increasing capacity for converting E 2 S to E 2 as the fetus approaches spontaneous parturition. Recent results from this laboratory have indicated that the actions of E 2 S are not identical to those of E 2 (36) . It is therefore possible that E 2 S exerts actions that are not ERmediated. A limitation of the present study is that the design cannot distinguish ER-mediated from ER-independent mechanisms and cannot distinguish responses to E 2 from possible direct responses to E 2 S (via a novel mechanism). Gene expression could be influenced by E 2 S, E 2 , and/or both since intracerebral administration of E 2 S in the treated animals increased the plasma levels of both E 2 S and E 2 compared with the control (Fig. 1) .
Interestingly, expression of genes known to be directly controlled by ER was not upregulated by E 2 S (Fig. 5) . This suggests that some, if not all, of the fetal hypothalamic genomic response to E 2 S is mediated by other mechanisms. As discussed below, these mechanisms can include nongenomic actions of E 2 (after deconjugation of E 2 S) or could include yet undiscovered signal transduction responses to E 2 S. The expression of many of the genes is likely to be influenced by the cellular responses to changes in neurotransmission that comprise a part of the downstream result of E 2 S administration. Cl.
Biological Process Genes 1 feeding behavior; positive regulation of response to stimulus NPY -GHRL -AGRP 2 response to hypoxia; blood vessel development; positive regulation of cell proliferation; response to chemical stimulus
COPI coating of Golgi vesicle; vesicle targeting, to, from or within Golgi; Golgi vesicle budding; membrane budding; organelle localization COPB2 -COPA -COPB1 -COPZ1 -PAFAH1B1 4 transforming growth factor beta receptor signaling pathway; pathwayrestricted SMAD protein phosphorylation; response to prostaglandin E stimulus; response to estrogen stimulus; response to hypoxia; immune system development; immune system process CAV1 -TGFBR1 -TGFBR2 -TGFBR3 -TGFB1 5 RNA splicing; nucleic acid metabolic process PAPOLA -HNRNPH2 -SFRS5 -EFTUD2 -CDC40 -RBM5 -SRP75 -NFX1 6 establishment of localization in cell XPO1 -ARHGEF2 -DERL1 -HTATIP2 -CENPA -PAFAH1B1 -RANBP2 -CLTCL1 7 translational initiation EIF3A -EIF3G -EIF3-P36 8 macromolecule catabolic process ERCC5 -DCP2 -USP12 -USP46 9 mitotic cell cycle CDC6 -CDKN1A -NCAPD2
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Boldfaced genes were validated by quantitative real-time PCR.
According to this logic, it is important to acknowledge that genomic responses, per se, are not necessarily direct responses to the infused hormone.
Neuropeptides Related to Feeding Behavior
A striking result in this experiment is the dramatic upregulation of NPY and AGRP gene expression in the E 2 S-treated fetuses, confirmed by qRT-PCR (Fig. 5) . The neural network regulating appetite and energy balance in the adult sheep is established during fetal life: both NPY and AGRP, together with propiomelanocortin (POMC) and cocaine-and amphetamine-regulated transcript (CART), are expressed in the arcuate nucleus of the ovine fetal hypothalamus from at least 110 days of gestation, as well as the NPY projections from the arcuate nucleus to the paraventricular nucleus (29) . Our data suggest that E 2 S treatment might stimulate alterations in appetite and/or energy balance in fetal sheep; however, the mechanism by which this might occur is unclear. Estrogen receptors are present on AGRP and NPY neurons in vivo (17) and in vitro (3, 39, 40) and can have a dual effect on NPY induction in the adult female. During proestrus, E 2 stimulates NPY expression and release, which in turn contribute to the stimulation of preovulatory GnRH secretion into the hypophysial portal vessels (17) . Despite this stimulatory action in these pathways, chronic administration of E 2 has predominately anorectic properties (6, 48) in rats and monkeys that depend on the inhibition of NPY and AGRP expression and release (6, 14) . In contrast to the present results with E 2 S, several reports have demonstrated inhibition of NPY by E 2 . E 2 treatment of ovariectomized rats decreased both NPY and AGRP mRNA in the arcuate nucleus (36) . Similarly, in rhesus monkeys E 2 decreased AGRP and increased POMC secretion into cerebrospinal fluid (48) . The upregulation of NPY and AGRP by E 2 S in the present study could be the consequence of an unknown stimulatory action of E 2 in subpopulations of NPY-AGRP neurons or of non-ER-mediated E 2 S action, although differences of E 2 action between fetal and adult life and of between species cannot be discounted. While the mechanism is unknown, E 2 S might be and important physiological stimulus for feeding behavior and regulation of energy balance necessary for the survival of the newborn.
Mediators of Vascularization and Hypoxia Response
E 2 S effects on genes related to the response to hypoxia more closely mirrored the expected effects of E 2 . E 2 treatment in rat pituitary autografts increases the expression of proangiogenic factors, specially vascular endothelium growth factor (VEGF), its receptor, fms-related tyrosine kinase (FLT1), and HIF1A (24) , and E 2 increases the expression of mRNA for HIF1A (which encodes the protein HIF1␣) in endometrium of ovariectomized ewes (19) . Our microarray results showed an upregulation of FLT1 and HIF1A (PCR validation for HIF1A was not statistically significant, P ϭ 0.1), but not VEGF, expression by E 2 S. It is therefore not clear whether E 2 S promotes angiogenesis in the fetal hypothalamus. Another upregulated gene from the same cluster was ARNT2, validated by qRT-PCR (Fig. 4) . The encoded protein from the ARNT2 gene complexes with HIF1A in the nucleus, and this complex binds to hypoxia-response elements in enhancers and promoters of oxygen-responsive genes (37) . HIF1A and ARNT2 are members of the bHLH-PAS family, together with ARNT and aryl hydrocarbon receptor (AHR) (18) . ARNT and AHR can modulate ER-dependent transcription by protein-protein association (7, 30) . Cho et al. (10) showed that both the NH 2 terminus and COOH terminus of ER interact with the bHLH-PAS domain of HIF1␣ and suggested that under hypoxic conditions, HIF1␣ may target ER␣ to the proteasome, decreasing ER␣ abundance and providing a brake on the upregulation of HIF1A by E 2 . However, the physical association of HIF1A with ER␣ can be important in gene regulation: recruitment of ER␣ to the VEGF promoter (which has no ERE) by HIF1␣ is integral to the upregulation of VEGF expression in response to hypoxia (20) . Why we did not observe an increase in VEGF expression in the present experiments is unclear but could be the result of competing responses to E 2 S.
The apparent upregulation of both HIF1A and ARNT2 by E 2 S in the present experiment suggests that during the last stage of gestation before spontaneous parturition, the fetal hypothalamus increases the expression of hypoxic-related genes in response to increased hypothalamic E 2 and E 2 S concentrations or increased abundance of ER␣ (34) , even when the fetus in not undergoing clinical hypoxia. Given that the genes of the bHLH-PAS family can interact with ER, the mediator of this effect might be E 2 through ER␣ binding. In support to this notion, it was shown that injection of E 2 increased the expression of ARNT2 mRNA in the hypothalamus of rats without affecting the expression of AHR and ARNT mRNA, possibly through interaction with ER␣ (23).
COPI System
COPI-coated vesicles are vesicular carriers that function in the early secretory pathway, especially the retrograde transport of luminal and membrane proteins in the ER-Golgi segment of the secretory pathway (5, 21) . The COPI system is present in the CNS, but the effects of estrogen action on the expression of this system in the hypothalamus are unknown. The qRT-PCR validation showed a significant difference in mRNA expression between treatment and control only for COPB1 (Fig. 4) but not for COPA. Consequently, this action of E 2 S treatment cannot be confirmed in the present study.
TGF␤1
It has been previously documented that E 2 treatment increases TGF␤1 release from hypothalamic astrocytes in vitro (8) and increases the expression of TGFB1 gene in the hypothalamus of ovariectomized female rats in vivo (22, 28) . Increased TGB1 expression after E 2 stimulation is mediated via an ER-dependent mechanism that involves the PI3K/Akt signaling pathway (16) . The role of the estrogen-induced TGF␤1 in the hypothalamus may be that of a mediator of the ability of astroctytes to modulate GnRH release and as an intermediary of the neuroprotective effect of E 2 (26) . In support of this last action, the main biological processes that were downregulated by the E 2 S treatment in the present study were those related to inflammatory/immune response. However, changes in expression of none of the genes involved in these biological processes could be validated by qRT-PCR (CCL3, IL12B, IL18, and TNF).
We have suggested that the actions of E 2 S are likely to be mediated by E 2 , liberated after deconjugation of the E 2 S and binding of E 2 to the estrogen receptor. While the present results reveal some genomic responses to E 2 S that are reminiscent of responses to E 2 , the NPY and AGRP response does not appear to mimic the response to E 2 reported in the adult. Nevertheless, a limitation of this study is that we did not compare responses to those after treatment with E 2 alone, and the question of whether E 2 S can act through a novel mechanism is still an open question.
In conclusion, E 2 S treatment of ovine fetuses near the end of gestation induces an upregulation of genes encoding factors involved in feeding behavior and response to hypoxia and possibly provides neuroprotection in the hypothalamus. The effect of E 2 S treatment on the orexigenic peptides observed in this study was not predicted by studies in adult animals. Our results demonstrate that E 2 S induced a strong increase in the expression of NPY and AGRP genes. The increased appetite induced by these neuropeptides could be an important component for the survival of the newborn and could have an effect on the regulation of energy balance regulation before and after birth.
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